Pathological neovascularization and subsequent fibrosis are common pathologies in many retinal diseases, such as proliferative retinopathy (PR) and age-related macular degeneration (AMD).[@bib1] In developed countries, retinal neovascularization and fibrosis are considered to be the most common pathological changes in the retina that cause vision loss.[@bib2] Following retinal injury, the release of chemotactic agents, proinflammatory cytokines, and vascular endothelial growth factor (VEGF) induces proliferation of endothelial cells and promotes the formation of new vessels. Meanwhile, the recruitment of inflammatory cells in the retina initiates a reparative process and facilitates synthesis and remodeling of new extracellular matrix (ECM). If the reparative process is not successful, the deposition of excess ECM may disturb the retinal architecture, interrupt proper cellular interaction, and cause retina contraction. Currently, the therapeutic strategies for retinal neovascularization and fibrosis are limited. The exploration of new therapeutic treatments will greatly benefit patients with neovascular and fibrotic retinopathies.

It has been reported that palmitoylethanolamide (PEA), an endocannabinoid mimetic amide, has anti-inflammatory and anti-analgesic effects in the central nervous system (CNS).[@bib3] Recent studies have explored the application of PEA in glaucoma and diabetic retinopathy; for example, topical PEA suppresses the ocular surface inflammation associated with the long-term use of hypotensive eye drops in glaucoma patients.[@bib4] PEA attenuates retinal inflammation and reduces the expressions of the proinflammatory factors in streptozotocin-induced diabetic rats.[@bib5] However, the effects of PEA on retinal neovascularization are unknown.

In addition to the anti-inflammatory properties of PEA, antifibrotic effects for PEA have also been reported. A prior study identified that PEA inhibits liver fibrosis in a carbon tetrachloride-induced mouse model.[@bib6] In another study, PEA was found to reduce lung inflammation, pulmonary damage, and lung fibrosis in a mouse model of idiopathic pulmonary fibrosis.[@bib7] However, the effects of PEA on retinal fibrosis have not yet been investigated.

Large amounts of PEA are produced and secreted by glial cells in the brain.[@bib8] Studies have shown that PEA inhibits reactive astrogliosis induced by β-amyloid peptide in cultured astrocyte cells.[@bib9] A recent study also reported that PEA has therapeutic effects for Alzheimer\'s disease and brain gliosis, indicating a possible protective role of PEA in gliosis.[@bib10] Müller cells are glial-like cells in the retina that play an important role in maintaining retinal hemostasis.[@bib11] Müller cell activation has been associated with initiation and development of many retinal diseases, including PR and AMD.[@bib12]^,^[@bib13] Considering the suppressive effects of PEA on gliosis of the CNS, we hypothesize that PEA may also suppress retinal Müller cell activation.

In the present study, we evaluated the anti-angiogenic and antifibrotic effects of PEA in the retina using a mouse model of oxygen-induced retinopathy (OIR), an animal model for proliferative retinopathy,[@bib14] and the very-low-density lipoprotein receptor knockout (*Vldlr*^−/−^) mouse, an animal model of neovascular AMD.[@bib15] We identified profibrotic changes in OIR and *Vldlr*^−/−^ retinas, suggesting the utility of these models for studying early retinal fibrotic changes. We also found that the Müller cells activated in these models were suppressed by PEA. Further, we confirmed the inhibitory effects of PEA on Müller cell activation using a cell culture model system. The mechanisms of action of PEA in the retina were also investigated. Our findings suggest that PEA inhibits retinal neovascularization and profibrotic changes and suppresses Müller cell activation in animal models of PR and neovascular AMD. PEA is a putative novel treatment for retinopathies with pathological angiogenesis and fibrosis.

Materials and Methods {#sec2}
=====================

Animals {#sec2-1}
-------

C57BL/6J mice were purchased from the Laboratory Animal Center of Xiamen University. Peroxisome proliferator-activated receptor alpha (PPARα) knockout (*Pparα*^−/−^) mice and VLDLR knockout (*Vldlr*^−/−^) mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). In this study, *Vldlr*^−/−^ mice and control mice for *Vldlr*^−/−^ mice (littermate wild-type mice) were obtained by crossing C57BL/6J and *Vldlr*^−/−^ mice. All animals were housed in a specific-pathogen-free facility and maintained in 12-hour light/12-hour dark cycles. All procedures with animals in this study were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The animal protocols were approved by the Xiamen University Experimental Animal Ethics Committee.

Cell Culture {#sec2-2}
------------

The rat Müller cell line (rMC-1) cells were maintained in Dulbecco\'s Modified Eagle Medium basal medium supplemented with 10% fetal calf serum (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 10% penicillin streptomycin solution (Gibco).

Oxygen-Induced Retinopathy Model and PEA Treatment {#sec2-3}
--------------------------------------------------

Neonatal C57BL/6J mice (or *Pparα*^−/-^mice) were exposed to 75% oxygen for 5 days from postnatal day 7 (P7) to P12.[@bib16] At P12, the mice were returned to room air (21% oxygen). As described previously,[@bib17] PEA was dissolved in solution: 0.01% dimethyl sulfoxide, 10% Tween 80 (Sigma-Aldrich, St. Louis, MO, USA), 20% polyethylene glycol 400, and 69.9% physiological saline. To investigate the effects of PEA on pathological angiogenesis, PEA (30 mg/kg) was injected intraperitoneally in OIR mice from P12 to P17 and in V*ldlr*^−/−^ mice from P12 to P26 daily. OIR mice (at P17) and V*ldlr*^−/−^ mice (at P26) were sacrificed, and retinas were dissected for further experiments. To study the effects of PEA on fibrotic changes in V*ldlr*^−/−^ mice, PEA (30 mg/kg) was administrated to 2-month-old V*ldlr*^−/−^ mice by oral gavage for 30 days, and eyecups were collected for further experiments at P90.

Lectin Staining {#sec2-4}
---------------

Lectin staining of the flat-mounted retinas was conducted as described previously.[@bib18] Briefly, eyeballs were fixed with 4% paraformaldehyde for 1 hour. Retinas were dissected and then incubated with 0.5% Triton X-100 (Sigma-Aldrich) at 4°C overnight. After three washes with PBS, the retinas were incubated with isolectin GS-IB4 (Thermo Fisher Scientific) overnight at room temperature. Retinas were washed and flat-mounted for microscopy. Quantification of neovascularization vaso-obliteration was conducted as described previously.[@bib19]

Immunofluorescent Staining {#sec2-5}
--------------------------

Retinal cryosections were fixed in acetone for 10 minutes and then incubated with antibody against glial fibrillary acidic protein (GFAP) (Abcam, Cambridge, United Kingdom) at 4°C overnight. After three washes with PBS, retinal sections were further incubated with Alexa Fluor 488-conjugated IgG (Thermo Fisher Scientific) for 1 hour. The sections were mounted with mounting medium (Vector Laboratories, Burlingame, CA, USA) and photographed with a fluorescent microscope (DM2500; Leica Microsystems, Wetzlar, Germany).

TUNEL Assay {#sec2-6}
-----------

The TUNEL assay was performed on retinal cryosections using the DeadEnd Fluorometric TUNEL System (Promega, Madison, WI, USA) according to the manufacturer\'s instructions.

Western Blot Analysis {#sec2-7}
---------------------

Western blot analysis was conducted as previously described.[@bib20] Antibodies for GFAP, intercellular adhesion molecule 1 (ICAM-1), tumor necrosis factor alpha (TNF-α), and transforming growth factor beta (TGF-β) were obtained from Proteintech (Chicago, IL, USA). Antibodies for VEGF, TGF-β receptor II (TGF-βRII), Smad2/3, and fibronectin were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies for alpha smooth muscle actin (α-SMA) and β-actin were obtained from Sigma-Aldrich. An antibody for phospho-Smad2/3 (P-Smad2/3) was purchased from Cell Signaling (Danvers, MA, USA).

RNA Extraction and Quantitative RT-PCR Assay {#sec2-8}
--------------------------------------------

Total RNA was extracted from retinas using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed according to the manufacturer\'s protocol (TaKaRa Bio, Inc., Shiga, Japan). The procedure for quantitative RT-PCR was described previously.[@bib21]

Statistical Analysis {#sec2-9}
--------------------

Prism 6 software (GraphPad, San Diego, CA, USA) was used to calculate a one-way ANOVA or a Student\'s *t*-test for statistical analyses. All values are expressed as mean ± SEM. At least three independent measurements were conducted for each assay. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec3}
=======

PEA Attenuates Inflammation and Suppresses Neovascularization in OIR Retinas {#sec3-1}
----------------------------------------------------------------------------

To test the therapeutic effects of PEA in pathological retinal neovascularization, we used the OIR mouse model, a commonly used animal model of proliferative retinopathy.[@bib14] Multiple studies have demonstrated that levels of inflammatory cytokines such as TNF-α, ICAM-1, and VEGF are increased in OIR retinas.[@bib22]^,^[@bib23] In the present study, PEA treatment significantly reduced protein levels of the inflammatory cytokines TNF-α and ICAM-1 in OIR retinas ([Figs. 1](#fig1){ref-type="fig"}A--[1](#fig1){ref-type="fig"}C). Also, both mRNA and protein levels of VEGF were significantly decreased in PEA-treated OIR retinas compared to OIR retinas treated with vehicle (VEH) ([Figs. 1](#fig1){ref-type="fig"}D--[1](#fig1){ref-type="fig"}F). Lectin staining of flat-mounted OIR retinas revealed that PEA treatment decreased retinal areas of vaso-obliteration and neovascularization ([Figs. 1](#fig1){ref-type="fig"}G--[1](#fig1){ref-type="fig"}I), suggesting an anti-angiogenic effect of PEA in OIR retinas. Further, apoptotic cells in retinal sections were evaluated by TUNEL staining ([Fig. 1](#fig1){ref-type="fig"}J). PEA reduced apoptotic cells in OIR retinas ([Fig. 1](#fig1){ref-type="fig"}K), suggesting neuroprotective effects of PEA in this context. Taken together, these results indicate that PEA treatment attenuates retinal inflammation, neovascularization, and neuronal cell death in OIR retinas.

![Anti-inflammatory and anti-angiogenic effects of PEA in OIR. (**A**) Representative images of western blotting for TNF-α and ICAM1 in OIR retinas treated with VEH or PEA. Protein levels of (**B**) TNF-α and (**C**) ICAM-1 were quantified by densitometry and normalized to β-actin levels (*n* = 6). (**D**) Representative images of western blotting for VEGF in OIR retinas treated with VEH or PEA. (**E**) Protein level of VEGF was quantified by densitometry and normalized to β-actin levels (*n* = 6). (**F**) Quantitative RT-PCR of *Vegfa* mRNA expression in VEH-OIR and PEA-OIR groups (*n* = 5). (**G**) Retinas from VEH- and PEA-treated OIR mice were flat-mounted and stained with isolectin GS-IB4 (red). Areas of (**H**) retinal vaso-obliteration and (**I**) neovascularization were quantified in VEH- and PEA-treated OIR retinas (*n* = 8). (**J**) Retinal cryosections from VEH- and PEA-treated OIR mice were stained with TUNEL (green) and 4′,6-diamidino-2-phenylindole (DAPI) (blue). Representative images are shown. (**K**) Apoptotic cells were quantified and compared in VEH- and PEA-treated OIR mice. Data are presented as mean ± SEM; ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f001){#fig1}

ECM Remodeling and Profibrotic Changes in OIR Retinas {#sec3-2}
-----------------------------------------------------

Prior studies have demonstrated that pathological angiogenesis is accompanied by remodeling of the ECM.[@bib24]^,^[@bib25] Under pathological conditions, excessive deposition of ECM can lead to fibrotic diseases and organ dysfunction.[@bib26] To determine if early fibrotic changes were present in the OIR retinas, we measured the profibrotic marker α-SMA and a marker of ECM protein, fibronectin, in OIR retinas and normoxic retinas using western blot analysis ([Fig. 2](#fig2){ref-type="fig"}A). Protein levels of α-SMA and fibronectin were significantly upregulated in OIR retinas relative to normoxic retinas ([Figs. 2](#fig2){ref-type="fig"}B, [2](#fig2){ref-type="fig"}C). In addition, protein levels of several key components of the TGF-β/Smad2/3 signaling pathway, TGF-βRII, P-Smad2/3, and Smad2/3 were significantly upregulated in OIR retinas compared with normoxic retinas ([Figs. 2](#fig2){ref-type="fig"}D--[2](#fig2){ref-type="fig"}G). Taken together, these results indicate the presence of ECM remodeling and profibrotic changes in OIR retinas.

![Presence of ECM remodeling and profibrotic changes in OIR retinas. (**A**--**C**) Protein levels of (**A**, **B**) α-SMA and (**A**, **C**) fibronectin were measured by western blot analysis and quantified by densitometry in wild-type (WT) and OIR retinas at P17 (*n* = 6). (**D**--**G**) Similarly, protein levels of (**D, E**) TGFβ-RII, (**D, F**) P-Smad2/3, and (**D, G**) Smad2/3 were measured by western blot analysis and quantified by densitometry (*n* = 6). Data are presented as mean ± SEM; ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f002){#fig2}

PEA Inhibits Profibrotic Changes in OIR Retinas {#sec3-3}
-----------------------------------------------

Next, we tested whether PEA had protective effects against profibrotic changes in OIR retinas. Levels of α-SMA, fibronectin, and several components of the TGF-β/Smad2/3 pathway were measured by western blot analysis. PEA significantly suppressed upregulation of α-SMA ([Figs. 3](#fig3){ref-type="fig"}A, [3](#fig3){ref-type="fig"}B) and fibronectin ([Figs. 3](#fig3){ref-type="fig"}A, [3](#fig3){ref-type="fig"}C) in OIR retinas. Further, PEA treatment reversed upregulation of TGF-β2 ([Figs. 3](#fig3){ref-type="fig"}D, [3](#fig3){ref-type="fig"}E), TGF-βRII ([Figs. 3](#fig3){ref-type="fig"}D, [3](#fig3){ref-type="fig"}F), P-Smad2/3 ([Figs. 3](#fig3){ref-type="fig"}G, [3](#fig3){ref-type="fig"}H), and Smad2/3 ([Figs. 3](#fig3){ref-type="fig"}G, [3](#fig3){ref-type="fig"}I) in OIR retinas. Taken together, these results demonstrate that PEA suppresses profibrotic changes in OIR retinas.

![Antifibrotic effects of PEA in OIR retinas. (**A**--**C**) Protein levels of (**A**, **B**) α-SMA and (**A**, **C**) fibronectin were measured by western blot analysis and quantified by densitometry in VEH- and PEA-treated OIR retinas (*n* = 6). (**D**--**I**) Similarly, protein levels of (**D**, **E**) TGF-β2, (**D**, **F**) TGFβ-RII, (**G**, **H**) P-Smad2/3, and (**G**, **I**) Smad2/3 were measured by western blot analysis and quantified by densitometry (*n* = 6). Data are presented as mean ± SEM; ^\*^*P* \< 0.05, ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f003){#fig3}

PEA Attenuates Inflammation and Suppresses Neovascularization in *Vldlr*^−/−^ Retinas {#sec3-4}
-------------------------------------------------------------------------------------

We further assessed the anti-inflammatory and anti-angiogenic effects of PEA in the *Vldlr*^−/−^ mouse, a mouse model of neovascular AMD.[@bib15]^,^[@bib27] Prior studies have demonstrated that protein levels of TNF-α, ICAM-1, and VEGF are elevated in *Vldlr*^−/−^ retinas compared to wild-type (WT) retinas.[@bib28] After 2 weeks of treatment with PEA, protein expressions of the proinflammatory factors TNF-α ([Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}B), ICAM-1 ([Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}C), and VEGF ([Figs. 4](#fig4){ref-type="fig"}A, [4](#fig4){ref-type="fig"}D) were significantly decreased in PEA-treated *Vldlr*^−/−^ retinas compared with VEH-treated *Vldlr*^−/−^ retinas. Lectin staining of whole-mounted retinas revealed less neovascular areas ([Figs. 4](#fig4){ref-type="fig"}E, [4](#fig4){ref-type="fig"}F), suggesting that PEA suppresses pathological neovascularization in *Vldlr*^−/−^ retinas.

![Anti-angiogenic effects of PEA in *Vldlr*^−/−^ retinas. (**A**) Protein levels of TNF-α, ICAM-1 and VEGF were measured by western blot analysis in the eyecups of *Vldlr*^−/−^ mice treated with VEH or PEA. (**B**) TNF-α, (**C**) ICAM-1, and (**D**) VEGF levels were quantified by densitometry (*n* = 6). (**E**) Retinas from VEH- and PEA-treated *Vldlr*^−/−^ mice were flat-mounted and stained with isolectin GS-IB4 (red). (**F**) Areas of neovascularization were quantified (*n* = 8). Data are presented as mean ± SEM; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f004){#fig4}

PEA Suppresses Fibrosis in *Vldlr*^−/−^ Retinas {#sec3-5}
-----------------------------------------------

Similarly, we evaluated the antifibrotic effects of PEA in *Vldlr*^−/−^ mice. At P90, the retinas of *Vldlr*^−/−^ mice exhibited increased levels of TGF-β2, α-SMA, and fibronectin compared to age-matched WT controls, indicating the presence of fibrosis ([Supplementary Fig. S1](#iovs-61-4-15_s001){ref-type="supplementary-material"}). After 1 month of PEA treatment, protein levels of α-SMA and fibronectin were decreased in PEA-treated *Vldlr*^−/−^ retinas ([Figs. 5](#fig5){ref-type="fig"}A--[5](#fig5){ref-type="fig"}C). The levels of TGF-βRII ([Figs. 5](#fig5){ref-type="fig"}D, [5](#fig5){ref-type="fig"}E), P-Smad2/3 ([Figs. 5](#fig5){ref-type="fig"}D, [5](#fig5){ref-type="fig"}F), and Smad2/3 ([Figs. 5](#fig5){ref-type="fig"}D, [5](#fig5){ref-type="fig"}G) were significantly decreased in PEA-treated *Vldlr*^−/−^ retinas compared with VEH-treated *Vldlr*^−/−^ retinas, suggesting antifibrotic effects of PEA in the context of the *Vldlr*^−/−^ model.

![Antifibrotic effects of PEA in *Vldlr*^−/−^ retinas. (**A**) Protein levels of α-SMA and fibronectin were measured by western blot analysis in the eyecups of *Vldlr*^−/−^ mice treated with VEH or PEA. (**B**) α-SMA and (**C**) fibronectin were quantified by densitometry (*n* = 6). (**D**) Similarly, protein levels of TGF-βRII, P-Smad2/3, and Smad2/3 were measured by western blot analysis, and (**E**) TGF-βRII, (**F**) P-Smad2/3, and (**G**) Smad2/3 were quantified by densitometry (*n* = 6). Data are presented as mean ± SEM; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f005){#fig5}

PEA Inhibits Gliosis in OIR and *Vldlr*^−/−^ Retinas {#sec3-6}
----------------------------------------------------

Müller cells are the major glial cells in the retina; under stress conditions, massive retinal gliosis may occur.[@bib29] Because it has been reported that PEA inhibits reactive gliosis in the CNS,[@bib9]^,^[@bib10] we hypothesized that PEA could potentially inhibit Müller cell activation (gliosis) in the retina. GFAP, an indicator of glial activation, is dramatically increased in OIR retinas compared with normoxic retinas.[@bib20] After PEA treatment, both mRNA and protein levels of GFAP were significantly decreased in OIR retinas ([Figs. 6](#fig6){ref-type="fig"}A--[6](#fig6){ref-type="fig"}C), suggesting that PEA suppresses gliosis in the context of OIR. In *Vldlr*^−/−^ retinas, protein levels of GFAP were significantly increased relative to WT retinas at P26 ([Supplementary Figs. S2](#iovs-61-4-15_s001){ref-type="supplementary-material"}A, [S2](#iovs-61-4-15_s001){ref-type="supplementary-material"}B) and at P90 ([Supplementary Figs. S2](#iovs-61-4-15_s001){ref-type="supplementary-material"}C, [S2](#iovs-61-4-15_s001){ref-type="supplementary-material"}D). GFAP levels were significantly decreased in PEA-treated *Vldlr*^−/−^ retinas relative to VEH-treated *Vldlr*^−/−^ retinas at P26 ([Figs. 6](#fig6){ref-type="fig"}D, [6](#fig6){ref-type="fig"}E) and at P90 ([Figs. 6](#fig6){ref-type="fig"}D, [6](#fig6){ref-type="fig"}F). Moreover, GFAP immunostaining revealed much fewer activated Müller cells (green) in PEA-treated OIR retinas relative to control OIR retinas ([Fig. 6](#fig6){ref-type="fig"}G). Similarly, GFAP immunostaining showed fewer activated Müller cells (green) in *Vldlr*^−/−^ retinas at P26 ([Fig. 6](#fig6){ref-type="fig"}H) and at P90 ([Fig. 6](#fig6){ref-type="fig"}I) that were treated with PEA compared with retinas treated with VEH. Taken together, these results demonstrate that PEA inhibits Müller cell activation and suggest that the anti-angiogenic and antifibrotic effects of PEA could be due in part to suppression of Müller cell activation.

![PEA inhibited gliosis in OIR and *Vldlr*^−/−^ retinas. (**A**) Protein levels of GFAP in the retinas of OIR mice treated with VEH or PEA were measured by western blot analysis. (**B**) Protein levels of GFAP were quantified by densitometry and normalized to β-actin levels (*n* = 6). (**C**) Quantitative RT-PCR of *Gfap* gene expression in the retina of VEH- and PEA-treated OIR mice (*n* = 5). (**D**) *Vldlr*^−/−^ mice at P14 were intraperitoneally injected with VEH or PEA for 2 weeks. Protein levels of GFAP were measured in *Vldlr*^−/−^ retinas at P26. In addition, *Vldlr*^−/−^ mice at P60 were orally administrated PEA or VEH for 30 days. Protein levels of GFAP were then measured in the retina of these *Vldlr*^−/−^ mice at P90. (**E**) Levels of GFAP in *Vldlr*^−/−^ retinas at P26 were quantified by densitometry (*n* = 6). (**F**) Levels of GFAP in *Vldlr*^−/−^ retinas at P90 were quantified by densitometry (*n* = 6). (**G**) Representative images of immunostaining for GFAP in the retinal sections of OIR mice treated with VEH or PEA. (**H**) Representative images of immunostaining for GFAP in the retinal sections of *Vldlr*^−/−^ mice at P26 treated with VEH or PEA. (**I**) Representative images of immunostaining for GFAP in the retinal sections of *Vldlr*^−/−^ mice at P90 treated with VEH or PEA. Data are presented as mean ± SEM; ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f006){#fig6}

PEA Suppresses Gliosis and Inflammation in rMC-1 Cells {#sec3-7}
------------------------------------------------------

To further test the effects of PEA on the inhibition of Müller gliosis, we treated rMC-1 cells with tertiary-butyl hydrogen peroxide, a common inducer of cellular oxidative stress and inflammation.[@bib30] Protein levels of GFAP were significantly decreased in rMC-1 cells treated with PEA relative to those treated with VEH ([Figs. 7](#fig7){ref-type="fig"}A, [7](#fig7){ref-type="fig"}B). Further, protein levels of TNF-α ([Figs. 7](#fig7){ref-type="fig"}C, [7](#fig7){ref-type="fig"}D), ICAM-1 ([Figs. 7](#fig7){ref-type="fig"}C, [7](#fig7){ref-type="fig"}E), and VEGF ([Figs. 7](#fig7){ref-type="fig"}C, [7](#fig7){ref-type="fig"}F) were significantly decreased in rMC-1 cells treated with PEA. Taken together, the results indicate that PEA suppresses Müller cell activation and the release of inflammatory and pro-angiogenic cytokines.

![Effects of PEA in TBHP-treated rMC-1 cells. Representative images of western blotting for (**A**) GFAP and (**C**) TNF-α, ICAM-1, and VEGF in Müller cells treated with VEH or PEA in the presence of TBHP. Protein levels of (**B**) GFAP, (**D**) TNF-α, (**E**) ICAM-1, and (**F**) VEGF were quantified by densitometry and normalized to β-actin levels. Data are presented as mean ± SEM; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001. TBHP, tertiary-butyl hydrogen peroxide.](iovs-61-4-15-f007){#fig7}

Antifibrotic Effects of PEA in TGF-β2-Treated rMC-1 Cells {#sec3-8}
---------------------------------------------------------

Müller cells are important sources of profibrotic cytokines.[@bib2]^,^[@bib24] Müller cells secrete TGF-β2 to promote fibrosis in proliferative retinopathy.[@bib31] Thus, we used TGF-β2 to induce fibrosis and measured protein levels of profibrotic markers and signaling in Müller cells with and without PEA. Under TGF-β2 treatment, protein levels of GFAP were significantly upregulated in rMC-1 cells, which was significantly attenuated by PEA treatment ([Figs. 8](#fig8){ref-type="fig"}A, [8](#fig8){ref-type="fig"}B). TGF-β2 induced expression of α-SMA and fibronectin in rMC-1 cells, which was suppressed by PEA treatment ([Figs. 8](#fig8){ref-type="fig"}C--[8](#fig8){ref-type="fig"}E). Similarly, TGF-β2 induced upregulation of TGF-βRII, which was reversed by PEA ([Figs. 8](#fig8){ref-type="fig"}F, [8](#fig8){ref-type="fig"}G). In addition, PEA also reversed the TGF-β2-induced increases of P-Smad2/3 and Smad2/3 ([Figs. 8](#fig8){ref-type="fig"}F, [8](#fig8){ref-type="fig"}H--[8](#fig8){ref-type="fig"}I) in rMC-1 cells, suggesting that PEA suppresses the TGF-β/Smad2/3 signaling pathway and alleviates profibrotic changes in Müller cells.

![Effects of PEA in TGF-β2-treated rMC-1 cells. (**A**) Representative images of western blotting for GFAP in rMC-1 cells treated with VEH or PEA in the presence of TGF-β2. (**B**) Protein levels of GFAP were quantified by densitometry and normalized by β-actin levels. Similarly, protein levels of (**C, D**) α-SMA and (**C, E**) fibronectin were measured and quantified. Further, components of TGF-β/Smad2/3 signaling, (**F, G**) TGF-βRII, (**F, H**) P-Smad2/3, and (**F, I**) Smad2/3 were measured and quantified (*n* = 6). Data are presented as mean ± SEM; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f008){#fig8}

PPARα-Dependent Anti-inflammatory and Antifibrotic Effects of PEA {#sec3-9}
-----------------------------------------------------------------

Prior studies have suggested that the therapeutic effects of PEA are modulated in part by PPARα activation.[@bib32]^,^[@bib33] Therefore, we explored whether PEA inhibits retinal inflammation and fibrosis through activation of PPARα. Indeed, both mRNA and protein levels of PPARα were increased in PEA-treated OIR retinas relative to VEH-treated OIR retinas ([Figs. 9](#fig9){ref-type="fig"}A--[9](#fig9){ref-type="fig"}C). In addition, PPARα levels were elevated in *Vldlr*^−/−^ retinas treated with PEA at P26 ([Figs. 9](#fig9){ref-type="fig"}D, [9](#fig9){ref-type="fig"}E) and P90 ([Figs. 9](#fig9){ref-type="fig"}F, [9](#fig9){ref-type="fig"}G). To further verify the specific role of PPARα in PEA-mediated suppression of inflammation and fibrosis, we subjected PPARα knockout (*Pparα*^−/−^) mice to OIR, treated them with PEA, and then measured protein levels of VEGF and TGF-βRII by western blot analysis ([Figs. 9](#fig9){ref-type="fig"}H, [9](#fig9){ref-type="fig"}J). VEGF and TGF-βRII levels were not significantly changed by PEA in *Pparα*^−/−^ OIR mice ([Figs. 9](#fig9){ref-type="fig"}I, [9](#fig9){ref-type="fig"}K), and retinal expression of GFAP was similar for VEH-treated and PEA-treated *Pparα*^−/−^ OIR mice ([Figs. 9](#fig9){ref-type="fig"}L, [9](#fig9){ref-type="fig"}M). These results suggest that the protective effects of PEA in OIR are PPARα dependent.

![The effects of PEA were PPARα dependent. (**A**) Representative images of western blotting for PPARα in the retinas of OIR mice treated with VEH or PEA. (**B**) Protein levels of PPARα were quantified by densitometry and normalized to β-actin levels (*n* = 8). (**C**) Quantitative RT-PCR of *Pparα* mRNA expression in PEA- and VEH-treated OIR retinas (*n* = 5). (**D**--**G**) Western blot analysis of PPARα was performed in *Vldlr*^−/−^ mice treated with PEA or VEH at (**D**, **E**) P26 and (**F**, **G**) P90 (*n* = 6). (**H**--**M**) Further, OIR was induced in *Pparα*^−/−^ mice. At P17, protein levels of (**H**) VEGF, (**J**) TGF-βRII, and (**L**) GFAP were measured by western blot analysis in *Pparα*^−/−^ OIR retinas under VEH or PEA treatment. Protein levels of (**I**) VEGF, (**K**) TGF-βRII, and (**M**) GFAP were quantified by densitometry and normalized to β-actin levels (*n* = 6). Data are presented as mean ± SEM; ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001.](iovs-61-4-15-f009){#fig9}

Discussion {#sec4}
==========

Pathological retinal neovascularization and fibrosis commonly lead to significant vision loss, but effective treatment modalities for these pathologies are limited. In the present study, we demonstrated that PEA, an endocannabinoid mimetic amide, has anti-angiogenic and antifibrotic effects in animal models of PR and neovascular AMD (as summarized in [Supplementary Fig. S3](#iovs-61-4-15_s001){ref-type="supplementary-material"}). This is the first study to report that α-SMA and fibronectin, as well as TGF-β/Smad2/3 signaling, are increased in OIR and *Vldlr*^−/−^ retinas, suggesting the utility of these models for studying early retinal fibrotic changes. The present study is also the first to demonstrate that PEA treatment potently inhibits retinal gliosis, angiogenesis, and fibrosis in OIR and *Vldlr*^−/−^ retinas, indicating that PEA may be a potential therapeutic drug for retinopathies with pathological neovascularization and fibrosis. Further, we found that the therapeutic effects of PEA in the retina are mediated in part by activation of PPARα.

Two animal models, the OIR mouse model and the *Vldlr*^−/−^ mouse model, were used. OIR is a commonly used animal model for proliferative retinopathy.[@bib14] It is well characterized by retinal avascular regions and pathological neovascularization.[@bib16] However, there are no prior reports of fibrotic changes in this model. In the present study, we found that the profibrotic marker α-SMA and fibronectin, a marker of ECM remodeling, are significantly upregulated in OIR retinas. Meanwhile, profibrotic TGF-β/Smad2/3 signaling is also activated in OIR retinas. These findings indicate the possible new application of the OIR model to study early fibrotic changes in the retina, for which currently available animal models are lacking.

In *Vldlr*^−/−^ mice, the retinal vessels extend from the retinal capillary plexus of the outer proximal layer into the avascular photoreceptor layer,[@bib34] mimicking the pathological process of retinal angiomatous proliferation in humans, which is present in approximately 10% of patients with newly diagnosed AMD.[@bib35]^--^[@bib37] Thus, the *Vldlr*^−/−^ mouse is considered to be an animal model of neovascular AMD.[@bib27]^,^[@bib38] In the present study, we observed that the proinflammatory cytokines TNF-α, ICAM-1, and VEGF were upregulated in *Vldlr*^−/−^ retinas, consistent with previous studies.[@bib27]^,^[@bib28] Most importantly, we also identified that the profibrotic cytokines/markers TGF-β, α-SMA, and fibronectin were increased in these retinas, suggesting that the *Vldlr*^−/−^ mouse could also be used to study retinal fibrotic changes.

PEA, a naturally occurring *N*-acylethanolamine, has protective effects in animal models of neurodegenerative diseases.[@bib8] PEA is abundant in the CNS and may originate from glial cells.[@bib39] In the eye, PEA is shown to be present in the retina and ciliary body,[@bib40] but the function of PEA in the eye is not fully understood. Prior studies have reported that PEA has beneficial effects in certain eye diseases, such as glaucoma[@bib41] and uveitis,[@bib42] due to the anti-inflammatory and neuroprotective properties of PEA. In this study, we explored the anti-angiogenic and antifibrotic effects of PEA in PR and AMD. PEA treatment reduced retinal expression of the inflammatory cytokines TNF-α, ICAM-1, and VEGF in OIR and *Vldlr*^−/−^ mice. These results are consistent with previous studies in other systems that have also identified anti-inflammatory effects of PEA.[@bib5]^,^[@bib42] In addition to its anti-inflammatory effects, we also demonstrated that PEA could suppress pathological neovascularization in the retina.

This study explored the antifibrotic effects of PEA. The TGF-β/Smad2/3 pathway plays important roles in fibrotic disorders of the eye.[@bib43] The pathway is initiated by TGF-β binding to TGF-βRII, which phosphorylates TGF-βRI; the phosphorylated TGF-βRI triggers the phosphorylation of Smad2 and Smad3, which activates downstream gene expression and ultimately leads to tissue fibrosis.[@bib44] In OIR and *Vldlr*^−/−^ retinas, PEA decreased protein levels of TGF-β2, TGF-βRII, P-Smad2/3, and Smad2/3, suggesting suppression of the TGF-β/Smad2/3 pathway in these contexts. Previous studies have shown that elevated levels of TGF-β increase the synthesis and deposition of ECM proteins, such as fibronectin, and induce expression of α-SMA.[@bib39]^,^[@bib45] In this study, PEA decreased the levels of fibronectin and α-SMA in both animal models, further supporting the antifibrotic effects of PEA. Interestingly, the PEA levels in OIR retinas and *Vldlr*^−/−^ retinas were not significantly changed compared to their controls ([Supplementary Fig. S4](#iovs-61-4-15_s001){ref-type="supplementary-material"}). Because we have observed the beneficial effects of PEA treatment on OIR retinas and *Vldlr*^−/−^ retinas, it is possible that the amounts of PEA needed in the retina are increased when mice are in stressful conditions.

Müller cells are the major glial cell type of the retina, accounting for 90% of the glial population.[@bib46] Müller cells produce pro-angiogenic and proinflammatory factors that may cause or exacerbate neovascularization, chronic retinal inflammation, and eventually cell death.[@bib12]^,^[@bib13] In addition, Müller cells play a role similar to that of fibroblasts in non-CNS tissue and participle in the process of retinal fibrosis.[@bib13]^,^[@bib24] In the present study, we demonstrated that PEA inhibits Müller gliosis in pathological retinal neovascularization. To further test the inhibitory effect of PEA in Müller gliosis, we investigated the effect of PEA using the cultured Müller cell line rMC-1. In rMC-1 cells, PEA inhibited Müller cell activation and reduced levels of proinflammatory cytokines and profibrotic markers. Our combined in vivo and in vitro findings suggest that the protective effects of PEA are mediated by suppression of Müller cell activation and the resultant release of proinflammatory and profibrotic cytokines.

Multiple studies have demonstrated the anti-inflammatory and anti-analgesic effects of PEA that occur through activation of PPARα.[@bib47]^,^[@bib48] Consistent with previous studies in other systems, we also found that the anti-angiogenic and antifibrotic effects of PEA are mediated by PPARα and that these effects of PEA can be abolished in *Pparα*^−/−^ mice, further supporting the notion that the protective effects of PEA are PPARα dependent.

In summary, we found that PEA suppressed retinal inflammation and neovascularization and reduced retinal fibrotic changes in experimental PR and neovascular AMDs. These findings suggest the potential utility of PEA for retinal neovascularization and retinal fibrosis. PEA is an endogenous amide with an excellent safety profile, and it has been used safely as an oral supplement.[@bib3] Further studies are warranted to evaluate the effects of PEA in other animal models of retinal fibrosis, potentially in small clinical trials.
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